Canine oral papillomavirus (CPV1, also known as COPV), the most common cause of non-neoplastic papillomas, has not been shown to cause squamous cell carcinomas (SCC). Furthermore, malignant transformation of benign papillomas to SCC has only been reported in a single group of dogs with severe combined immunodeficiency infected with CPV2. Here, we report a series of 7 dogs with benign CPV1-associated papillomas with histologic evidence of CPV1 causing malignant transformation to carcinoma in situ and ultimately SCC. Expression of p53 and p16 proteins in CPV1-infected cells within the benign papillomas and lesions that progressed into SCC also supported an association between papillomavirus and malignant transformation. Moreover, our retrospective analysis indicated that while there have been increased numbers of viral papillomas with malignant transformation, the number of annually diagnosed canine viral papillomas has remained constant over the past decade in our laboratory. We speculate that either an altered host immunity from increased usage of immunosuppressive drugs or changing environmental factors, e.g. increase exposure to UV radiation, may cause an increased oncogenic potential of this "low-risk" virus. This study aims to raise awareness of the malignant potential of CPV1 and to encourage further investigations into the cause of this suspected change in its oncogenic potential.
Introduction
Papillomaviruses (PV) have been detected in a wide variety of animals as well as in humans and are associated with numerous clinical presentations, ranging from asymptomatic infection to development of benign proliferative lesions or overt malignancies. To date, 20 canine papillomavirus types (CPVs) have been reported and grouped into three genera. Canine oral papillomavirus (CPV1 or COPV) and CPV6 belong to the genus Lambdapapillomavirus [1] . CPVs 2, 7, 13, 17, and 19 are in the genus Taupapillomavirus, and all other known CPVs belong to the genus Chipapillomavirus [2] [3] [4] [5] .
Infections with CPVs, regardless of type, have historically been associated with the development of non-neoplastic solitary or multicentric epithelial proliferative plaques and papillomas [2] . Benign lesions associated with CPVs usually do not elicit any serious health consequences. Even lesions of oral papillomatosis tend to spontaneously regress, similar to those induced by low-risk papillomaviruses in humans [6] [7] [8] . In the past, CPV infections in dogs have rarely been associated with the development of malignant neoplasms and reports of detecting CPVs in malignant epithelial lesions are few [9] [10] [11] [12] [13] [14] . Progression of benign CPV-induced papillomas to SCC has only been well documented in a group of dogs with X-linked severe combined immunodeficiency (XSCID) that received bone marrow transplants [9] . More than 70% of the XSCID dogs in this study were infected with CPV2, a Taupapillomavirus. Four of these dogs had viral papillomas that progressed to invasive SCCs, and three of the four dogs eventually developed metastatic SCCs. Since then, there have been numerous reports identifying novel canine Tau-and Chipapillomaviruses as the cause of squamous cell carcinomas in dogs [10] [11] [12] [13] [14] [15] [16] , few of which arose within pigmented plaques, but none that were associated with benign viral papillomas. CPV1 has never been associated with transformation of viral papillomas to SCC in dogs [3] .
In humans tumorigenesis of high-risk human papillomavirus (HPV) infection occurs due to inactivation of p53 and Rb tumor suppressor genes by the E6 and E7 viral oncogenes, resulting in loss of cell-cycle control, impaired cell differentiation, increased mutations, and chromosomal instability [17, 18] . HPV E6 protein binds to both p53 and E6associated protein ligase (E6AP), causing ubiquitinylation and the subsequent degradation of p53. Because of the commonly observed loss of p53 expression in different types of HPV positive SCCs, expression of p53 in SCC has been suggested as a surrogate marker for the absence of HPV infection (19) . However, co-expression of p53 and p16INK4A has been reported in 15-30% of HPV positive SCCs at various sites (20, 21) .
Overexpression of p16 has been demonstrated in a high percentage of cervical and head and neck cancers as a result of functional inactivation of RB by the HPV E7 protein [22, 23] . p16 expression measured by IHC correlates with the presence of HPV DNA; therefore, p16 expression has been used as a surrogate biomarker of oncogenic HPV infection indicating HPV-mediated tumorigenesis [24] . In contrast to humans, it has been concluded that p16 immunolabeling of canine SCCs is not associated with canine papillomavirus infection [25] . An early study reported a single case of SCC with co-localization of p53 and CPV1 protein and nucleic acid, and detection of p53 in 35% of benign viral papillomas leading to speculation that progression of CPV1 papillomas to SCCs may occur [26] . However, most recent studies have concluded that CPV1 is not a significant cause of canine SCCs [25, 27, 28] .
Over the last decade we recognized in our biopsy service an increase of benign CPV-associated lesions in dogs that underwent malignant transformation. Therefore, a retrospective analysis of cases of CPV-associated lesions submitted as diagnostic cases to the Michigan State University Veterinary Diagnostic Laboratory (MSU VDL) was conducted to 1) examine the incidence of malignant transformation in CPV-associated proliferative lesions and 2) determine the CPV type associated with such lesions. While we identified three different types of CPVs that were associated with benign proliferative epithelial lesions that had regions of malignant transformation to SCC, the most commonly identified virus was CPV1, thus challenging the current understanding of the oncogenic potential of this virus.
Materials and methods
A Boolean search of the electronic archive of canine necropsy and biopsy reports generated at the MSU VDL from 2006 to 2016 was performed using the keywords 'papilloma', 'pigmented plaque', 'papillomavirus', 'dysplasia', 'atypia', 'malignant transformation', or 'squamous cell carcinoma'. Reports from identified cases were screened for histologic descriptions that included characteristics of CPV-associated benign lesions along with regions of dysplasia and/or overt malignant transformation. For final inclusion in the retrospective analysis, 5 µm hematoxylin and eosin-stained (H&E) sections of formalinfixed, paraffin-embedded (FFPE) tissues were generated from all suspected cases and reviewed independently by three board certified pathologists (TT, DGS, MK) to confirm dysplasia and/or malignant transformation. Additional information compiled for each identified case included the date of initial diagnosis, location of the lesion, age, breed, and sex of the affected dog.
Benign lesions identified in the search included squamous papillomas of the oropharyngeal mucosa and skin, and pigmented plaques in the haired skin. For papillomas, histologic evidence of papillomavirus induction of the lesion included a prominent stratum granulosum within the proliferative epithelium lining papillary fronds; scattered koilocytes within the stratum spinosum, granulosum, and/or corneum; and/or presence of eosinophilic to amphophilic intranuclear inclusions. Dysplasia was defined as regions of loss of polarity, marked anisocytosis and anisokaryosis, asynchronous keratinization, and mitoses throughout the thickness of the proliferative epithelium. Evidence of overt malignant transformation was defined by neoplastic cells with similar cellular indices of dysplasia focally or multifocally extending through the basement membrane of the epithelium and forming trabeculae and islands of neoplastic cells invading the subepithelial stroma.
PCR was used to detect the presence of papillomavirus within FFPE tissues from cases that met the search criteria and had defined morphologic characteristics of malignant transformation. For PCR, total genomic DNA was extracted from shavings from the FFPE tissue blocks, and CPV DNA was amplified using two consensus primer sets targeting the L1 gene [29, 30] and a set of multiple degenerate primers targeting the E1 gene [31] . The amplified DNA was then sequenced and compared to sequences reported in GenBank.
To assess papillomavirus antigen and viral nucleic acid distribution within selected lesions, immunohistochemistry (IHC) and in situ hybridization (ISH) were performed on all cases. In addition, immunohistochemistry for p16 and p53 was used to further investigate the spatial association between papillomavirus and malignant transformation. For PV IHC, 5 µm sections of FFPE tissues were labeled with an automated staining system (Benchmark, Ventana Medical Systems Inc, Tucson, AZ) using a monoclonal antibody that has been shown to cross-react with multiple human and nonhuman PVs (Lifespan Biosciences, Seattle, WA) [32] . Immunohistochemistry for p16 and p53 was performed as previously described using a mouse anti-human p16 monoclonal antibody (BD Biosciences, San Jose, CA, USA) and a rabbit polyclonal anti-human p53 antibody (Signet Laboratories, Dedham,MA), respectively [27, 33] . ISH for papillomavirus DNA was performed on 5 µm sections of FFPE tissues using an automated RiboMap in situ hybridization reagent system (Ventana Medical Systems), as previously described [34] .
Results
Out of a total of 110,374 canine cases that had been submitted from January 2006 to October 2016, 930 cases of squamous papilloma and 16 cases of pigmented plaques were identified in the initial electronic search. Of the 930 squamous papillomas, 349 papillomas had typical characteristics of CPV infection including acanthosis with prominent keratohyalin granules, koilocytosis, and the presence of intranuclear viral inclusions. Thirteen of these 349 viral papillomas had foci of epidermal dysplasia and/or cellular atypia and 11 viral papillomas underwent overt malignant transformation. Two of the 16 cases of pigmented viral plaques had histologic evidence of malignant transformation. The overall frequency of malignant transformation of CPVassociated lesions was 3.6% (13/365). CPV was identified by PCR in 69% (9/13) of those cases with overt malignant transformation including 7 of the 11 viral papillomas and both pigmented plaques. We were unable to identify viral DNA in the remaining 4 cases. The 9 cases of malignant transformation with confirmed CPV infection were diagnosed in 2006, 2009, 2010, 2011, 2013 (2 cases), 2015, and 2016 (2 cases). Of these 9 dogs, 4 were spayed females, 4 were neutered males, and one was an intact male. The mean age at the time of diagnosis was 8.5 years (range: 14 months to 16 years), and 3 of the animals were less than 5 years old. Four of these dogs had no known underlying health conditions. One dog was reported to have a concurrent benign melanocytic neoplasm, one had a history of a completely excised trichoepithelioma as well as a completely excised SCC, one had a metastatic hemangiosarcoma, one had a history of severe demodecosis, and one had a concurrent periodontitis with oral papillomas.
We further characterized those 9 dogs with malignant transformation of benign epithelial lesions for which CPV infection had been confirmed. Two of these 9 dogs had multiple plaque-like lesions ( Fig. 1 ) of marked epidermal hyperplasia (Fig. 2) , and areas of basal pigmentation over the body that were contiguous with dysplastic foci that transitioned into regions of Bowenoid in situ carcinoma and invasive SCC (Fig. 3) . The other 7 dogs had papillomas with intranuclear viral inclusions in keratinocytes within the stratum spinosum and stratum corneum. Four of these 7 dogs had multiple viral papillomas over the lips and oropharyngeal mucosa ( Fig. 4 ) at the base of which were focal or multifocal regions in which neoplastic cells with cellular indices of malignancy invaded through the basement membrane ( Fig. 5 ) and formed islands within the subepithelial stroma ( Fig. 6 ). Two of 7 dogs had solitary viral papillomas with prominent koilocytes over the foot and bulbar conjunctiva ( Fig. 7 ) that transitioned to SCC (Fig. 8 ). One dog had an inverted viral papilloma over the vulva that transitioned to full thickness dysplasia and Bowenoid in situ carcinoma in the adjacent epidermis. Sequencing of the amplified PCR products from all 7 viral papillomas with malignant transformation demonstrated 100% Figs. 13 and 15 ) and p16 ( Figs. 14 and 16 ). Strong nuclear labeling for p53 ( Fig. 13 ), as well as nuclear and cytoplasmic labeling for p16 ( Fig. 14) were detected in benign papillomas, with labeling being particularly prominent in proliferative cells with papillomaviral cytopathology (koilocytes). Moreover, diffuse p53-nuclear labeling ( Fig. 15 ) and strong immunoreactivity for p16 ( Fig. 16 ) were detected in all 7 dogs within regions of transformation to invasive SCCs. Dual labeling using IHC for p16 or p53 and ISH for CPV demonstrated CPV DNA within p16 and p53 positive cells, respectively.
Discussion
Our study confirmed that less commonly detected types of CPV, such as CPV3 and CPV16, can be associated with malignant transformation of viral epithelial plaques. Two SCCs in our study that progressed from pigmented plaques were associated with CPV3 and CPV16 infection. CPV3 and CPV16 are both Chipapillomaviruses and have been previously reported within viral plaques, some of which progressed to SCC [10, 14, 35] . To our knowledge, neither of these viruses has been associated with viral papillomas. Based on the current literature, CPV-associated malignant transformation occurs primarily from pigmented plaques, and CPVs associated with such transformation belong to the Tau or Chipapillomaviruses [3] .
In contrast, canine Lambdapapillomaviruses, CPV1 and CPV6, have only been identified as the cause of benign, non-neoplastic viral papillomas [3] . Recent studies have not associated CPV1 with the development of SCC, and malignant transformation of CPV1-induced papillomas has not been reported. The only progression of benign CPVinduced papillomas to SCC has been reported for a group of XSCID dogs infected with CPV2, a Taupapillomavirus [9] . Numerous studies have investigated the prevalence of CPV1 within canine SCCs. Detection of CPV1 by PCR was first reported in 1998 in 3 dogs with gingival SCCs within a population of 54 dogs with oral or non-oral SCCs [26] . One of the SCCs was also positive by IHC for CPV1, and CPV1 nucleic acid was detected by ISH in nests of neoplastic epithelial cells surrounding keratin pearls, leading the authors to suggest a potential role of CPV1 in SCC oncogenesis. Interestingly, 35% of SCCs expressed p53 by IHC, but 11% of cutaneous viral papillomas also expressed p53 suggesting potential malignant transformation in the absence of microscopic evidence [24] . In 2005, another retrospective study identified the presence of CPV in 9 of 42 (21%) canine SCCs using a broad-range PCR for papillomaviruses [36] . Of these 9 cases, CPV1 was confirmed in only 1 dog and the other 8 cases had different papillomavirus types, which had not been genetically characterized at the time [36] . A more recent study identified CPV1 DNA in 10% of oral SCCs; however, all cases were negative by IHC, and no CPV1 RNA was detected suggesting that CPV1 most likely represented an innocent bystander in SCC oncogenesis, thus leading the authors to conclude that CPV1 was not a suitable animal model for high-risk HPV-induced oral cancer [28] . Another study also concluded that CPV1 does not play a significant role in the development of canine SCCs [25] . The study identified expression of p16 in 17.3% of 52 canine SCCs, but CPV1 DNA was detected in only 5.8% of cases, and there was no association between presence of CPV1 DNA and p16 labeling [25] . Another study reached similar conclusions identifying p16 immunolabeling in 4 of 28 canine SCCs, while not detecting CPV DNA in any of the 28 cases [27] . The same authors did not identify CPV DNA in a series of 28 subungual SCCs [37] . None of these studies reported histologic evidence of progression from benign proliferative CPV1-associated lesions to SCC. In fact, all except one study dismissed CPV1 as a cause of SCC [26] . These data are in strong contrast to our findings, which clearly demonstrate histologic evidence of malignant transformation of CPV1-induced viral papillomas to SCCs. However, it is important to recognize that previous studies that simply dismissed CPV1 as a cause of SCC may have been hampered by both technical difficulties, such as the use of archival material, as well as the disappearance of CPV DNA from lesions after the virus induced irreversible immortalization of infected cells [38] . This explanation would also account for the discrepancies in some of these studies between the detection of viral DNA versus RNA and/or protein. Furthermore, in our study benign papillomatous lesions had intense p16 and p53 immunoreactivity, especially within cells with cytopathic effects. Moreover, even stronger immunoreactivity for p16 and p53 was also detected within the invasive SCCs arising from the benign viral papillomas. While expression of either antigen is no proof of CPV infection, p16 expression has been used as a surrogate biomarker of oncogenic HPV infection indicating HPV-mediated tumorigenesis [19] . Our data in regard to expression of p16 are similar to reports of various types of HPV positive SCCs in humans [19] [20] [21] , but are in contrast to previous studies in dogs that identified p16 in subsets of CPV negative SCCs [25, 27] further raising concerns about technical difficulties having prevented detection of CPV in archival material in these previous studies. The expression of p53 in CPV positive lesions and even more the documentation of viral DNA in p53 positive cells are not commonly observed in HPV positive SCCs [20, 21] . There are conflicting data about the effect of various animal papillomaviruses on p53. While in cats with SCCs some studies could not find evidence that feline PVs degrade p53 [39] , in vitro studies concluded that binding of feline PV E6 and E7 downregulated p53 by different mechanisms [40] . Interestingly, in horses with bovine PV1 (BPV-1) induced sarcoids, expression of p53 has consistently been reported both in tumors and neoplastic cell lines [41, 42] . Regardless, the number of cases in our study is too small to draw conclusion on the effect of CPV1 on p53, but the findings are intriguing enough to warrant more detailed future investigations.
Papillomavirus could not be detected in 17 of the 24 total papillomas that had histologic features associated with CPV infection and evidence of dysplasia and/or overt progression to invasive SCC; as such, these cases were excluded from further study. While sufficient DNA was extracted from all cases, PCR failed to detect CPV nucleic acid in these samples. Further, IHC and ISH respectively failed to demonstrate viral antigen or DNA. It is unlikely that all 17 cases were caused by a novel papillomavirus that was not detected by our methods. Since these were archival tissues submitted by veterinary practitioners, prolonged formalin fixation may have damaged DNA and lead to failure of IHC in some cases preventing detection. Alternatively, these cases may reflect the "hit and run" hypothesis which suggests that CPV DNA may disappear from the lesion the virus induces after the virus causes irreversible immortalization of infected cells through the action of the E6 and E7 viral proteins [38] . While we excluded the 17 cases with no detectable CPV DNA from the IHC study, the existence of these cases suggests that the potential incidence of malignant transformation of CPV-induced viral papillomas in dogs may be up to 3 times higher as earlier suggested.
Histologic evidence of malignant transition of benign proliferative CPV1-induced papillomas is a strong indicator that CPV1 infection plays a role in lesion development. While it is unlikely that CPV1 alone is capable of mediating malignant transformation of benign non-neoplastic papillomas, it is conceivable that its oncogenic potential is enhanced by other factors or conditions to provoke such transition. When reviewing the annual submission rate of all cases microscopically consistent with viral papillomas with transformation toward a malignant phenotype in comparison to our overall submissions, there is a strong trend toward a 2-3 fold increase of the number of such cases between 2006 and 2014. We speculate that there is an emergence of malignant transformation of CPV1-induced viral papillomas to SCC that could be explained in different ways. The reported increase may simply reflect an increased awareness of such lesions and improved diagnostic techniques. As molecular diagnostic techniques have improved in sensitivity and become more widely available, their use in detecting and reporting CPV infections in diagnostic settings has increased [43] . Moreover, an increased awareness by pathologists and veterinarians regarding the occurrence of malignant transformation of benign CPV-associated lesions may have contributed to the identification of larger numbers of cases. Thus, the increasing number of reports may only reflect a closer estimate of the real incidence of CPV1-induced papillomas with malignant transformation. However, this explanation seems insufficient since microscopic descriptions recognizing such changes are very rare in historical archives for CPV-associated benign lesions with malignant transformation prior to 2010 while the annual number of viral papillomas being submitted to the biopsy service has been constant.
Second, there may have been recent changes in host or virus related factors that cause an increase of the malignant potential of CPV1. An underlying genetic predisposition has been suggested for two Basenji dog siblings that both developed pigmented plaques associated with different papillomaviruses, CPV12 and CPV16, which progressed to SCCs [13] . Another factor may be an altered immune response within the host. The immune system plays a pivotal role in determining the clinical outcome of PV-associated diseases, as demonstrated by the increased persistence and enhanced neoplastic progression in humans with cell-mediated immune deficiencies [44] . In vitro studies revealed that dexamethasone is capable of inducing early viral gene upregulation, enhancing immortalization of HPV16-infected cells, and mediating malignant transformation [45] . Moreover, higher rates of HPV infection and persistence, and higher viral loads due to immunosuppression or disabled host immune systems by PV infections, are all potential explanations for the increased risk of HPV-associated cancers in patients treated with steroid [46] . Virus-induced chronic inflammation may create a microenvironment that favors expression of viral oncogenes [47] . In dogs, malignant transformation of benign CPV2-induced papillomas and metastasis was first recognized in XSCID dogs and occurred even after immune function was restored through transplantation of hematopoietic stem cells [7] . Prednisolone, cyclosporine, and piroxicam are immunosuppressive drugs increasingly used to treat various diseases in dogs, ranging from atopy to cancer. It is feasible that the extensive use of immunosuppressive drugs in modern practice may contribute to an increased incidence of malignant transformation of CPV-associated lesions.
Lastly, some environmental factors such as pollutants, food additives, global warming, or damage to the ozone layer may weaken the immune system or potentially enhance the oncogenic potential of CPVs, by escalating both rates and incidence of persistent infections with sequelae.
Conclusion
This retrospective analysis provides the first evidence of malignant transformation of CPV1-induced benign non-neoplastic papillomas to SCCs and expands the number of cases with CPV-associated pigmented plaques progressing to SCC. Our results further support the hypothesis that malignant transformation of viral papillomas versus viral plaques may be caused by different types of CPVs, regardless of the location of the lesions in the skin or mucosa. CPVs have been well recognized as an oncogenic driver for epithelial proliferation, and the overall increased incidence of lesions with malignant transformation in the past decade has caused concern regarding potential factors contributing to their increasing oncogenic potential. We hope that our study increases the awareness of the malignant potential of CPV1 and stipulates further investigations into the cause of this recent change in its oncogenic potential.
